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Introduction
Low temperature is one of the most important abiotic stresses affecting plant growth, production and distribution throughout the world. Some plants can tolerate low temperatures through a process known as cold acclimation, this is when plants are exposed to low non-freezing temperature (0e4 C) [1, 2] . During the acclimation process, many changes occur such as accumulation of osmoprotectants like soluble sugar [3] , amines, and compatible solutes such as polyols, proline and betaine [4, 5] , via activation of low temperature signal transduction pathways which eventually lead to membrane stability and altered gene expression to provide the tolerance at all levels [6] . Recent studies have reported that gene expression for wheat might be changed not just through low temperature (4 C), but following exposure to some chemicals used for seed priming e.g. Molybdenum (Mo), which can increase CBF expression [7] . Moreover, this study has also shown that these chemicals increased the plants ability to tolerate low temperature through a regulation of abscisic acid (ABA) biosynthesis via Aldehyde oxidase (AO), and the ABA is involved in mediating expression of Cold regulated (COR) genes. Meanwhile, Sun et al. [7] have reported that the AO activity, ABA content, and Indole acetic acid (IAA) content increased in ÀMo treated wheat leaves. In order to improve our understanding of the molecular basis of cold stress enhanced by Mo application under normal and low temperature, this present work studied frost damage to wheat genotypes in relation to CBF gene expression under the influence of Mo treatments and low temperature.
Results

Effects of Mo on Cbf14 expression and frost damage to wheat
The Cbf14 expression under þMo treatment in both genotypes was significantly higher (p value < 0.001) than ÀMo after 30 days from sowing and before exposing plants to low temperature ( Fig. 1-A) . This increase suggests that Mo can induce the transduction pathway for CBF expression in wheat even without exposing plants to acclimating temperatures. However, there were no significant differences in the physiological response of either genotype in response to Mo in terms of frost resistance ( Fig. 1-B) .
Transcripts levels of Cbf14 were increased markedly after 8 h exposure to acclimation temperature (4 C) in both genotypes ( Fig. 2) and there was significantly higher transcript abundance in þMo treated and acclimated plants in both genotypes (Fig. 2) .
The added response to þMo was proportionately higher in the spring genotype than the winter genotype. After 24 h the transcript level declined to less than the acclimated only treatment in the spring genotype (Fig. 2 B) and also declined in the winter genotype but was maintained at a significantly up-regulated level compared to the acclimated only treatment (Fig. 2A) . The expression of Cbf14 in Mo-treated plants under warm conditions (20 C) in comparison to acclimating temperatures was very low in both genotypes but there was some significant up-regulation with þMo in the spring genotype at 24 h. It was clear that for wheat of both genotypes grown under warm conditions (w20 C) that without þMo Cbf14 was not expressed.
Frost tolerance increased as a result of acclimation of more than 24 h (Fig. 3 ) and molybdenum (þMo) enhanced this effect. Frost damage under acclimation was similar in both genotypes, but when plants were exposed to low temperature stress, winter wheat demonstrated significantly improved tolerance (p < 0.05) to frost damage (REC 22.58%) compared with spring wheat (REC 40.68%) (Fig. 3 ).
Effects of Mo on frost hardiness (LT50) in wheat genotypes
The application of molybdenum resulted in an increase in frost tolerance in both wheat genotypes (Fig. 4) showed similar patterns in their response to the treatments. Acclimation clearly enhanced frost tolerance in wheat after 14 days exposure to low temperature and the REC% was significantly (p < 0.000) less in acclimated plants with and without Mo application. Mo-treated plants were more tolerant to freezing temperatures compared to acclimation alone. In general, winter wheat had consistently more frost tolerance compared with spring wheat. LT50 values in acclimated plant were lower than those growing under non-acclimating conditions for both varieties. There were no significant differences between Mo-treated and untreated plants under non-acclimating conditions (Table 1) . Winter wheat showed a higher capacity (À8.14 C) to be acclimated than spring wheat.
Acclimation lowered the LT50 by approximately 2.0 C in both winter and spring wheat while the Mo application enhanced the LT50 further by 1.07 C and 0.43 C in winter and spring wheats respectively.
Discussion
Molybdenum is an essential micronutrient for plants [8] and since it is a transition element, it can be presented in several oxidation states. It has previously been proposed that molybdenum can be involved in amelioration of frost damage [9, 10] and improvement of freezing tolerance in wheat [11, 12] but the mechanism for this improvement has not been definitively determined. Mo is not free in cells, since it is very unstable and therefore it would be expected to be in a tight complex with proteins. It is stored in this status and utilises Mo carriers [13, 14] when cells require it. There are several possible ways by which Mo could enhance the development of freezing tolerance in plant cells; Mo may increase the anti-oxidative defence by increasing the activity of the anti-oxidative enzymes SOD, CAT and POX [19] . Frost stress imposes induced oxidative stresses by producing Reactive Oxygen Species (ROS), which cause cellular damage [15] and Sun et al. [11] claimed that Mo application enhanced the adaptation of plants to low temperature stress by increasing the ability of scavenging the ROS thus alleviating membrane damage in winter wheat under low temperature. Alternatively, Mo may increase the activity of AO and thereby the ABA content and it has been found that these were higher in Mo-treated plants compared with Mo untreated plants. ABA biosynthesis through AO can trigger bZIP and the up-regulation of the ABA dependent COR gene expression pathways [7] and thereby protect against frost damage. A third mechanism could be through nitrogen reductase (NR) and enhancing nitrate assimilation [16] as it has been found that NR activity significantly increased in Mo-treated wheat [17e 19] and in addition K þ ions increased and this was associated with protein accumulation [16] . The results presented in the current study provide evidence for a fourth pathway demonstrating that Mo can influence the up-regulation of the CBF pathway and this in turn can lead to COR up-regulation and improvements in frost tolerance. Mo reduced the LT50 by À1.07 C in acclimated winter wheat (Table 1 ) and we found that Mo application had an effect at the gene expression and increased the transcripts level of Cbf14, which in turn activates COR genes and increases protein content in cells and decreases the damage caused by freezing temperatures [6, 20, 21] . Unexpectedly the work found that Cbf14 transcript level was higher in spring wheat especially after 8 h exposure to acclimation whereas the physiological resistance to frost was less. It is speculated that exogenous Mo application leads to overexpression in Cbf14, which then led to feedback inhibition. This was confirmed after 24 h exposure to acclimation where Cbf14 transcripts dramatically declined in spring wheat compared to winter wheat, which responded to Mo application in a more consistent manner. The results showed that Mo increased the transcripts levels of Cbf14 at 20 C (non-acclimating), in both wheat genotypes and it is suggested that Mo treatment applied as seed priming can increase the constitutive expression of abiotic stress genes (e.g.Cbf14) and when combined with acclimating temperatures, can significantly improve frost stress more than low temperature alone. It is well documented that wheat can be acclimated and reacclimated to low temperature while it is still in the vegetative phase of growth [22] and LT50 results presented here confirmed that winter wheat was more tolerant to freezing when acclimated than spring wheat (Table 1) . It is known that selection for a loss of vernalisation (spring habit) also co-selects for a loss of cold tolerance in wheat as these genes are closely linked [23e26]. Furthermore, wheat genotypes can also differ in the degree of acclimation depending on their growth stage [23, 27] . Typically wheat loses its ability to acclimate as it begins to head [28] and this can expose it to severe damage from late season frosts in continental climates [28] . The findings here with Mo may offer an opportunity to use Mo to upregulate the CBF pathway and stimulate acclimation in crops threatened with late season frosty weather.
Spring wheat
Temperature (C)
Results showed a strong association between Cbf14 expression and frost damage in winter wheat, while it was much less in the case of spring wheat. This suggests that Cbf14 might not be followed by activation of COR genes in spring wheat and the improvement in Cbf14 expression was because of another pathway. Further studies are needed in order to clarify this molecular response in spring wheat. Prior to acclimation, Mo was able to increase Cbf14 expression, but this increase was small (Fig. 1) . However, in the presence of acclimating temperatures, Mo significantly increased transcripts levels of Cbf14 and enhanced frost tolerance.
Whilst the results presented here do not fully explain the effects of Mo in frost tolerance they do confirm that Mo can help to upregulate the important transcription factors of cold acclimation and thereby enhance frost tolerance in wheat.
The results here indicate that Mo application increased Cbf14 expression in wheat plants. However, in the absence of acclimating temperatures this increase did not lead to an increase in frost tolerance. When acclimating temperatures were imposed, Mo treatment enhanced the development of frost tolerance in both genotypes but not by the same level. Spring wheat responded more quickly to the application of Mo at the level of Cbf14 expression however, it also dropped away more quickly. Further studies to investigate the use of different concentrations of Mo and different methods of application will be useful on both genotypes in order to see whether the Mo enhancing effect can be optimised further. Furthermore, it would be useful to investigate the effect of Mo application to wheat genotypes at later growth stages to investigate whether it can overcome the development limited expression of frost resistance in wheat.
Materials and methods
Seed treatment with Mo and plant materials
Seed of two varieties were used, European winter wheat cv. Claire with moderately high vernalisation requirements and moderate frost tolerance and Iraqi spring wheat cv. Abu-Ghraib which has been sown as a winter wheat in mild winter climates. Two treatments (þMo and ÀMo) were applied to seeds of both varieties. Half of the seeds from each genotype were soaked in a solution containing 1% molybdate [(NH 4 )6Mo 7 O 24 .4H 2 O] (0.008 M) for 8 h at 20 C [29, 30] , and the other half were soaked in distilled water for the same period (hydro priming) and then air dried until they reached their original moisture content (14%) [31] . Seeds were then sown in trays in a growth a cabinet (Snijder scientific) in order to obtain seedlings at the same physiological age. Seedlings were transplanted into pots (127 mm Â 127 mm Â 152.4 mm) with 9 seedlings per pot, containing John Innes No. 1 compost. Seedlings were left to grow in a semi-controlled greenhouse (w20 C) for 30 days until the 3e4 leaf stage (GS13-14) [32] . Pots of each treatment were subdivided into two groups (n ¼ 7), and placed either into an acclimation chamber at 4 C, 8 h photoperiod (PAR 177 mmol m À2 s
À1
) for 14 days, or a growth cabinet at 20 C at the same photoperiod and PAR. Samples for both frost tolerance assessment and molecular analysis were taken after 0, 8, 24 h and 14 days from transferring plants to the new conditions. Samples for molecular study were stored at À80 C until analysis.
Frost tolerance assessment
Frost damage was estimated as Relative Electrical Conductivity (REC%). Leaves were cut and put singly in labelled boiling tubes (75 mL) in order to expose them in stepwise intensities of low temperature stress 0, À4, À6, À8, À10 C with a 2 h hold at each temperature after which samples were removed. A small piece of ice was added to each tube at 0 C to facilitate ice nucleation in the plant material being tested. All frozen samples were placed at 4 C overnight to facilitate slow defrosting. Sufficient distilled water (approx. 20 mL) was then added to the tubes to cover the leaves and a lid was placed on each tube and then incubated at 20 C for 24 h and the Electrical Conductivity (EC1) of the solution measured. Tubes were then autoclaved at 121 C for 15 min and again incubated for 24 h at 20 C and then the EC re-measured (EC2). The REC % was calculated as: REC% ¼ EC1/EC2 Â 100 [33e35].
Total mRNA extraction, cDNA synthesis and RT-PCR
Frozen leaves (100 AE 10 mg) were ground in liquid nitrogen with a mortar and pestle. The total RNA was isolated using Sigma reagents (SigmaeAldrich: spectrum plant total RNA kit, Cat # STRN50) according to the manufacturer's instructions. Extracted RNA was quantified using the Nano drop 1000 technique to estimate its concentration and then stored at À80 C. The first strand cDNA was obtained by using M-MLV Reverse Transcriptase (Sigma: M1302) in 20 mL volume. Forward and reverse PCR primers were designed for the Cbf14 gene, which has previously been shown to give the highest transcript levels within 15 min [36] . The wheat 18s rRNA was used as an endogenous control. Primers for the genes were designed with gene sequences obtained from Blast software to give the following primer templates: forward primer Cbf14-int-F 5 0 -CCGTTCAG-CACCGCCAAGGA-3 0 , reverse primer Cbf14-Int-R 5 0 -CCATGCCGC-CAAACCAGTGC-3 0 , forward18s rRNA 5 0 -TGTGCCTAACCCGGGGGCAT-3 0 and reverse 18s rRNA 5 0 -GAGCGTGTTTTGGCGTGACGC-3 0 . All primers were obtained from Eurofins MWG. cDNA was used as a template for the RT-PCR detection system. The cDNA for the samples was used as template for the real time PCR reaction (Applied Biosystem, StepOne Pluse) with SYBR Green JumpStart Taq ReadyMix (Sigma kit Cat. #S4438-100RXN). The PCR thermal cycle was optimised to be as follows: 10 min denaturation at 95 C and then 40 cycles of 15 s at 95 C and 1 min at 60 C. The melting curve was set up at the end of the 40 cycle for 15 s at 95 C, 1 min at 60 C and 15 s at 95 C in order to be sure that only the gene of interest and the control gene were amplified.
